INTRODUCTION
Pathological cardiac hypertrophy induced by prolonged hypertrophic stresses, such as hypertension, ischemia, myocarditis, and valvular heart disease, is the uppermost risk factor for the development of heart failure. 1, 2 Initially, cardiac hypertrophy is beneficial because it maintains cardiac function. However, sustained hypertrophy leads to such effects as deposition of extracellular collagen, the loss of adrenergic responsivity, and changes in metabolism. 3 Together, these changes lead to cell death and irreversible structural cardiac remodeling, ultimately resulting in heart failure and sudden death. [3] [4] [5] The cardiomyocytes entirely depend on mitochondrial oxidative phosphorylation to generate ATP for cardiac contraction; thus, mitochondria are crucial organelles for proper heart function. 6, 7 In pathological hypertrophy, numerous changes in mitochondrial metabolism are reported. 8, 9 The dynamic processes of fusion and fission regulate mitochondrial morphology and function. Alterations in both the fusion and fission processes are associated with pathological cardiac hypertrophy. 10, 11 Further studies that focus on looking for molecules that regulate mitochondrial fusion and fission could be of significant therapeutic value for cardiac hypertrophy. Mitofusin 2 (Mfn2), also named the hyperplasia-suppressive gene, is a vital protein located at the mitochondrial outer membrane. 12 Mfn2 plays an important role in the maintenance of mitochondrial homeostasis. Recent reports reveal that Mfn2 is a critical negative regulator of cardiac hypertrophy by regulating mitochondrial fusion. 10, 13 The expression level of Mfn2 is downregulated in various cardiac hypertrophy models, 14, 15 and Mfn2-deficient mice represent modest cardiac hypertrophy accompanied with mild functional reduction. 16 The mammalian genome is tremendously large, of which protein-coding genes account for only approximately 1.5%, and the larger portion of the genome remains either untranscribed or transcribed to noncoding RNAs (ncRNAs). 17 The ncRNAs play a key role in maintaining the normal physiological functions of the cell. [18] [19] [20] MicroRNAs (miRNAs) and long non-coding RNAs (lncRNAs) are two crucial types of ncRNAs. Numerous miRNAs have been demonstrated to influence cardiac hypertrophy, such as miR-1, miR-133, and miR-214. [21] [22] [23] In addition, recent reports describe important regulatory roles for several lncRNAs in cardiovascular disease, especially in cardiac hypertrophy. [24] [25] [26] [27] [28] However, how lncRNAs are involved in the regulation of cardiac hypertrophy has not been thoroughly elucidated to date.
In this study, we confirmed that overexpression of lncRNA Plscr4 alleviated pressure overload-induced cardiac hypertrophy in mice,
and similar results were also demonstrated in cultured neonatal mice cardiomyocytes treated with Ang II. Furthermore, we identified that Plscr4 exerts the anti-hypertrophy effects by regulating the miR-214-Mfn2 pathway, which provides a novel strategy for the treatment of pathological cardiac hypertrophy and heart failure.
RESULTS

Silencing of lncRNA Plscr4 Leads to a Hypertrophic Response in Cultured CMs
To identify the role of lncRNA Plscr4 in pathological cardiac hypertrophy, C57BL/6 mice underwent transverse aortic constriction (TAC) surgery to induce pathological cardiac hypertrophy or sham operation as a negative control. As shown in Figure 1A , the TAC mice showed a significant cardiac enlargement and an increased heart weight to body weight (HW/BW) ratio compared with the sham group. Moreover, the mRNA levels of the hypertrophic biomarkers atrial natriuretic peptide (ANP), brain natriuretic peptide (BNP), and b-myosin heavy chain (b-MHC) were upregulated in the TAC mice ( Figure 1B ). In addition, the b-MHC protein level was also significantly upregulated in the TAC mice compared with the sham mice ( Figure 1C) . We further performed qRT-PCR to detect alterations in the Plscr4, and we observed that Plscr4 was significantly increased in the TAC mice compared to the sham group ( Figure 1D ).
Furthermore, the cellular fractionation experiment revealed that the expression of lncRNA Plscr4 was specifically higher in the cardiomyocytes (CMs) than in the cardiac fibroblasts (CFs) ( Figure 1E ). We identified CMs by positive staining with a-actinin ( Figure S1 ). These results indicated that Plscr4 was involved in pathological cardiac hypertrophy in vivo. To test the change of Plscr4 in a cellular model, CMs were incubated with 1 mmol/L Ang II for 48 hr or with PBS as a negative control. As shown in Figures 1F-1H , the cell surface area increased along with an increase in the mRNA levels of ANP, BNP, and b-MHC and the protein level of b-MHC. Consistent with the in vivo studies, the expression of Plscr4 was upregulated in the Ang II-treated CMs ( Figure 1I ). The immunofluorescence results of the CMs. Cells seeded in 24-well plates were cultured for 48 hr and then treated with PBS or Ang II for 48 hr. Both cell groups were then stained with antibodies directed against a-actinin and with DAPI for nuclear staining. Cell size was measured in 10 fields/well in both groups (n = 4 independent experiments; blue, nuclear; red, a-actinin; scale bars, 100 mm; n > 50 cells per experimental group; *p < 0.05 versus control). (G) The relative mRNA level of the hypertrophic markers ANP, BNP, and b-MHC in the CMs. Cells were treated with PBS or Ang II for 48 hr (n = 6; *p < 0.05 versus control). (H) Representative western blot bands of the b-MHC level in the CMs. Cells were treated with PBS or Ang II for 48 hr (n = 6; *p < 0.05). (I) The relative level of Plscr4 in the CMs after a 48-hr treatment with PBS or Ang II (n = 6; *p < 0.05 versus control). All of the data are presented as the mean ± SEM.
Next, we knocked down the expression of Plscr4 using short hairpin RNA (shRNA) to assess the potential effects of Plscr4 inhibition on cardiac hypertrophy ( Figure 2A ). As illustrated in Figures 2B-2E , inhibition of Plscr4 resulted in pronounced increases in the cell surface area as well as the protein/DNA ratio, which occurred along with the increased mRNA levels of ANP, BNP, and b-MHC and the protein level of b-MHC compared with the sh-Scramble treatment.
Forced Expression of Plscr4 Attenuates Cardiac Hypertrophy
In Vitro and In Vivo According to the above results, we wanted to determine whether overexpression of Plscr4 displays protective effects on cardiac hypertrophy, and we therefore transfected Plscr4 or a vector control into CMs treated with Ang II (1 mmol/L) for 48 hr. The transfection efficiency was verified by a significant increase in the Plscr4 level in the overexpression group compared with the vector control group in both the Ang II-and PBS-treated cells ( Figure 3A) . Notably, overexpression of Plscr4 did not exhibit marked abnormalities in CM area, protein/DNA ratio, and the mRNA and protein levels for the hypertrophic biomarker b-MHC, whereas mRNA levels of ANP and BNP revealed a slight decrease under basal conditions ( Figures 3B-3E) . However, the forced expression of Plscr4 significantly attenuated the increased cell surface area and protein/DNA ratio and inhibited the upregulated mRNA levels of ANP, BNP, b-MHC, and the protein level of b-MHC in the Ang II-treated CMs ( Figures 3B-3E ).
Next, we performed gain-of-function experiments in the mice to determine whether Plscr4 overexpression has a similar protective effect on pressure overload-induced cardiac hypertrophy. The mice were injected through the tail vein with AAV9 viral particles carrying Plscr4 or a vector for 3 weeks, and the mice were later subjected to TAC to induce cardiac hypertrophy. qRT-PCR assays were conducted to confirm overexpression of lncRNA Plscr4 ( Figure 4A ). We found that overexpression of Plscr4 in mice did not cause detectable changes in cardiac structure or function at baseline. However, after 4 weeks of TAC treatment, the hypertrophic response was blunted in the Plscr4-overexpressing mice, which was indicated by the lower HW/BW, lung weight/BW (LW/BW), and HW/tibia length (HW/TL) ratios and reduced cardiac left ventricular wall thickness in the lncRNA-plscr4 overexpression mice compared with their littermate control mice ( Figure 4B ; Figure S2 ). Moreover, an enlargement of the heart and the CMs was identified via H&E or wheat germ agglutinin (WGA), and the Plscr4-overexpressing mice exhibited a smaller heart size and fewer enlarged CMs compared with the vector mice after 4 weeks of TAC surgery. Consistently, the Masson staining exhibited less fibrosis ( Figure 4C ) and mRNA levels of ANP, BNP, and b-MHC and protein level of b-MHC in the Plscr4-overexpressing mice dramatically decreased when compared to the vector control ( Figures  4D and 4E ).
Plscr4 Inhibits the Expression and Activity of miR-214
The lncRNAs are reported to act as sponges for miRNAs. To explore whether Plscr4 elicits its effect on cardiac hypertrophy through miRNAs, we tested whether one or more of the miRNAs is the downstream target of Plscr4 by using RegRNA 2.0 software, which is an integrated web-based system that has been developed for comprehensively identifying functional RNA motifs and target sites. 29 A range of miRNAs have been predicted to be the potential targets of Plscr4. We selected miRNAs, including miR-214, miR34a, and miR-328, that have been proven to be involved in the process of cardiac hypertrophy. [30] [31] [32] [33] qRT-PCR was performed to detect the differently expressed miRNAs upon overexpression of Plscr4, and miR-214 was substantially reduced ( Figure 5A ), which is also proven to be an upregulated miRNA in hypertrophy in several miRNA array tests. 34, 35 Then we compared the sequences of Plscr4 and miR-214 and noticed that Plscr4 contained three binding sites of miR-214 ( Figure 5B ). Furthermore, we found that the length of Plscr4 is 1,551 bp, which transcribed and spliced from Chromosome 9: 92,457,394-92,485,332 forward strand. An alignment of the mouse Plscr4 sequence to human expressed sequence tags (ESTs) revealed that the similar sequence is 76% (76% homology). It is conserved between mouse and human in the binding site of miR-214 (Table S1 ).
Meanwhile, our study revealed that the expression of miR-214 was upregulated in the hypertrophic heart and in Ang II-treated CMs ( Figure S3 ), which was in accordance with previous studies. 30, 36 Therefore, we presume that there may be particular interaction between Plscr4 and miR-214. To investigate the molecular communications between Plscr4 and miR-214, we performed a luciferase assay using a luciferase construct lncRNA-plscr4 (Plscr4-wild-type [WT]) and a mutated form (Plscr4-Mut) ( Figure 5B). The luciferase assay revealed that the transfection of miR-214 suppressed the luciferase activity of Plscr4, but it had less effect on the mutated Plscr4 ( Figure 5C ). Moreover, overexpression of Plscr4 reduced miR-214 levels both in the Ang II-treated and the normal CMs ( Figure 5D ). In contrast, the inhibition of Plscr4 induced the upregulation of miR-214 in CMs at baseline ( Figure 5E ). The inhibitory effect of Plscr4 on miR-214 was further validated in the mouse heart ( Figure 5F ). Taken together, these results show that Plscr4 may directly regulate miR-214 by these three putative binding sites.
Recent findings suggest that Mfn2, which is located at the mitochondrial outer membrane and plays a critical role in the maintenance of mitochondrial dynamic homeostasis and the normal function of mammalian cells, is the molecular target of miR-214. 37 Mitochondria are crucial organelles in CMs, the diminished metabolism of which is reported to be associated with CM hypertrophy. 38 Thus, we wanted to explore whether Plscr4 influences mitochondrial homeostasis by regulating Mfn2. The protein level of Mfn2 was downregulated in the TAC mice and the Ang II-treated CMs ( Figure S4 ). Furthermore, The successful transfection of lncRNA-plscr4 was verified. CMs were transfected with lncRNA-plscr4 or the vector control and were subsequently treated with PBS or Ang II (1 mmol/L) for 48 hr (n = 6, *p < 0.05). (B) Microscopic images of the CMs. Cells were seeded in 24-well plates, cultured for 48 hr, and then transfected with lncRNA-plscr4 or the vector control; they were subsequently treated with PBS or Ang II (1 mmol/L) for 48 hr. Both cell groups were then stained with antibodies directed against a-actinin and with DAPI for nuclear staining. Cell size was measured in 10 fields/well in all groups (n = 3 independent experiments; blue, nuclear; red, a-actinin; scale bars, 100 mm; n > 50 cells per experimental group; *p < 0.05). (C) The protein/DNA ratio of the CMs. Cells were seeded in 12-well plates, cultured for 48 hr, and then transfected with lncRNAplscr4 or the vector control; they were subsequently treated with PBS or Ang II (1 mmol/L) for 48 hr. Then cells were lysed with standard sample buffer, protein concentration was determined by the BCA method with BSA as a standard, and DNA concentration was detected by fluorescence assay. The ratio of protein to DNA was then calculated to estimate potential protein synthesis (n = 6; *p < 0.05). overexpression of Plscr4 rescued the decreased Mfn2 under Ang II treatment ( Figure 6A ). Finally, we examined the integrity and function of the mitochondria. Similar to the protein level of Mfn2, the JC-1 staining and the quantified reactive oxygen species (ROS) production showed that, following Ang II treatment, the mitochondria membrane suffered a tremendous depolarization, as represented by the green staining of the mitochondria, and an increased ROS production, which was reversed by Plscr4 overexpression (Figures 6B  and 6C ).
miR-214 Mediates the Anti-hypertrophy Effects of Plscr4
To confirm whether miR-214 is necessary for Plscr4-regulated cardiac hypertrophy, we transfected Plscr4 or vector alone or in combination with miR-214 into CMs, and we subsequently treated the cells with Ang II for 48 hr. The successful transfection of miR-214 and Plscr4 was confirmed by qRT-PCR ( Figure 7A ; Figure S5 ). As depicted in Figures 7B-7E , co-transfection of miR-214 abated the protective effects of Plscr4 on Ang II-induced hypertrophic responses in CMs, which was exhibited by the increased cell size; protein/DNA ratio; and the upregulation of the hypertrophic markers ANP, BNP, and b-MHC. Similarly, co-transfection of miR-214 attenuated the inhibitory effect of Plscr4 on mitochondria membrane depolarization and on ROS production in the Ang II-treated CMs (Figures 7E-7G) . However, overexpression of Plscr4 could not affect the expression level of Ezh2, one of the direct targets of miR-214 during cardiac hypertrophy, 21, 30 both in vivo and in vitro ( Figure S6 ). Taken together, our results showed that Plscr4 protects against cardiac hypertrophy through the miR-214-Mfn2 axis.
DISCUSSION
In this study, we demonstrated that lncRNA Plscr4 is an important inhibitor of cardiac hypertrophy. The lncRNA Plscr4-overexpressing mice exhibited a reduced hypertrophic growth in response to the pressure overload, which was accompanied by a preserved cardiac function and decreased cardiac fibrosis. Furthermore, we observed that lncRNA-plscr4 exerts its cardioprotective effect through the lncRNA Plscr4-miR-214-Mfn2 axis. Our study provides a new possible approach for understanding and restraining the pathogenesis of cardiac hypertrophy.
Increasing evidence is pointing toward lncRNAs as regulators of cardiac hypertrophy. Chaer (Cardiac Hypertrophy-Associated Epigenetic Regulator) can directly interact with polycomb repressor complex 2 (PRC2) to inhibit histone H3 lysine 27 methylation at the promoter regions of genes related to cardiac hypertrophy, which thus promotes cardiac hypertrophy. 26 Chast (Cardiac Hypertrophy-Associated Transcript) is another pro-hypertrophy lncRNA, which is upregulated in hypertrophic hearts by negatively regulating Plekhm1 to restrain CM autophagy and induce hypertrophy. 39 CHRF (Cardiac Hypertrophy-Related Factor) is upregulated in both the hypertrophic mouse heart and human HF samples. CHRF also plays a pro-hypertrophy role by downregulating the miR-489 expression level. miR-489 is an anti-hypertrophy miRNA whose target gene is Myd88, which upregulates the NF-kB (nuclear factor kappaB light-chain enhancer of activated B cells) pathway. 28 Interestingly, our study demonstrated that TAC surgery dramatically enhanced Plscr4 expression compared with the sham group after 4 weeks, and we further demonstrated that Plscr4 plays an obvious anti-hypertrophy role. This finding is in accordance with the report of ADAMTS2 (A Disintegrin and Metalloproteinase With Thrombospondin Motifs 2) in cardiac hypertrophy. 40 To date, our study first confirmed that, even if an lncRNA is upregulated in response to hypertrophic stress, it may play a protective role.
We demonstrated that Plscr4 exerts its effects on hypertrophy by repressing the pro-hypertrophy gene miRNA-214. Stressed hearts often exhibit alternations of several different molecules and signals concurrently. We speculate that, at early stages, the adaptive response is triggered and leads to the upregulation of Plscr4, which exerts an anti-hypertrophy effect to offset the stress-caused maladaptive changes in CMs. In addition, the pro-hypertrophy signals, such as miR-214, are upregulated. At the early stage, the adaptive activating Plscr4 is sufficiently strong to partially offset the pro-hypertrophy effect of miR-214, resulting in modest increases in hypertrophic growth. However, with long-term stress, a sustained increase of the pro-hypertrophy signal miR-214 beyond a certain threshold is sufficient to counteract the function of Plscr4 activation, leading to the development of cardiac hypertrophy (Figure 8 ). With the consideration of these, we injected AAV9-Plscr4 through the tail vein to generate mice with Plscr4 overexpression from the initial period of hypertrophy. We wanted to make sure that a continued high expression of Plscr4 existed from the beginning stage to the later period of hypertrophy and could attenuate hypertrophic growth. Finally, our results show that the cardiac-specific overexpression of Plscr4 attenuated hypertrophic growth induced by pressure overload compared with the empty vector group. This finding certified our above theory and might help us to look for a new effective cardiac hypertrophy therapy.
More and more studies confirm that lncRNAs act as miRNA sponges to regulate their activity. 41, 42 In accordance with these studies, we also demonstrated that Plscr4 exerted its anti-hypertrophy function by binding and sequestering miR-214. miR-214 is verified as a pro-hypertrophy miRNA in previous studies. 30 The interaction between Plscr4 and miR-214 attenuates the inhibitory effects of miR-214 on Mfn2, which is demonstrated to be a direct target of miR-214 in the hypertrophic heart. 37 Consistent with these reports, our study showed that the Mfn2 expression level decreased in both the TACinduced hypertrophic hearts and in the Ang II-induced hypertrophic CMs. Previous studies confirmed that the upregulation of Mfn2 inhibits the increase of protein synthesis and hypertrophy in CMs. 13, 15 Our study showed that overexpression of Plscr4 rescued the decreased Mfn2 in response to hypertrophic stress and, therefore, resisted mitochondrial dysfunction to alleviate hypertrophic growth. There also may be some other mechanisms to discover. In future work, we will study other potential mechanisms involved in the anti-hypertrophy effects of Plscr4.
In summary, our present study revealed that lncRNA Plscr4 plays a crucial role in anti-hypertrophy and regulates the hypertrophic response in cellular and animal models. Thus, the modulation of Plscr4 may offer novel approaches for the treatment of cardiac hypertrophy. This finding helps to elucidate the functions of lncRNAs and miRNA-controlled cellular events.
MATERIALS AND METHODS
Animal Experiments
Healthy male C57BL/6 mice (weighing 20-25 g) were purchased from the Experimental Animal Center of the Harbin Medical University. The animals were kept under standard animal room conditions (temperature 21 C ± 1 C and humidity 55%-60%), with free access to food and water. To make the cardiac pressure overload model, the mice underwent a TAC surgery for 4 weeks, as described in a previous study. 43 In addition, C57BL/6 mice were injected, through the tail vein, with adeno-associated virus serotype 9 (AAV9) carrying a vector or Plscr4 (Hanbio Biotechnology, Shanghai, China) 3 weeks before further experiments. All the experimental procedures were performed in accordance with and approved by the Institutional Animal Care and Use Committee of the Harbin Medical University.
Echocardiography
Mice were anesthetized with Avertin (160 mg/kg intraperitoneally [i.p.]; Sigma-Aldrich) and were placed on a platform. An echocardiography was performed with the ultrasound machine Vevo2100 highresolution imaging system (VisualSonics, Toronto, ON, Canada) that was equipped with a 10-MH phased-array transducer with M-mode recordings.
Real-Time qPCR
Total RNA samples were extracted from cultured neonatal mice CMs or the left ventricle of mice hearts using the TRIZOL reagent (Invitrogen, Carlsbad, CA, USA). RNA was reverse-transcribed with 5X All-InOne RT MasterMix (abmGood, Vancouver, Canada). Real-time qPCR was carried out on an ABI 7500 fast real time PCR system (Applied Biosystems, Foster City, CA, USA) with the EvaGreen qPCR Mastermix Kit (abmGood, Vancouver, Canada) to detect the mRNA levels of Plscr4, ANP, BNP, and b-MHC, and GAPDH was set as the internal control. The miR-214 level was quantified by the mirVana qRT-PCR The ROS levels were determined in the CMs that were transfected with Plscr4 or the vector control, subsequently treated with Ang II (1 mmol/L) for 48 hr, and then incubated with the ROS-specific probe DCFH-DA. DCFH-DA could pass through the cell membrane and change into DCFH in the live cells. Intracellular ROS in live cells could interact with DCFH resulting in a fluorometric product DCF, which indicates the amount of ROS present. The cells were imaged with a fluorescence microscope (n > 50 cells per experimental group; *p < 0.05). All of the data are presented as the mean ± SEM.
miRNA detection kit (Ambion, Austin, TX, USA) according to the manufacturer's protocols and as previously described, 44, 45 and these data were normalized to U6. The data were analyzed using the 2 -DDCT method. The sequences of the primers were synthesized by Sangon Biotech (Shanghai, China) and are listed in Table S2 .
Western Blot Analysis
The mouse heart tissue and the cultured CMs were lysed with standard sample buffer. The concentration of the proteins was determined with a BCA Protein Assay Kit (Beyotime, Shanghai, China). The samples were subjected to electrophoresis in 10% SDS-PAGE and were later transferred to a nitrocellulose filter membrane. The following primary antibodies were used: an anti-Myosin antibody (1:5,000, mouse monoclonal; Sigma, St. Louis, MO, USA) and an anti-Mitofusin 2 antibody (1:1,000, rabbit polyclonal; Abcam, Cambridge, UK). The western blot bands were analyzed using Odyssey version (v.)1.2 software by measuring the band and normalizing to GAPDH (anti-GAPDH, 1:1,000, mouse polyclonal; Kangcheng, Shanghai, China).
Luciferase Assays
A fragment of Plscr4 containing the miR-214-binding site (Plscr4-WT) was amplified by PCR, and it was, therefore, a fragment with nucleotide replacement mutation (designated Plscr4-Mut). For the luciferase reporter gene assay, the HEK293 cells were cultured in 24-well culture plates, and they were transfected with varying constructs as described in the corresponding figure legends. The firefly and Renilla luciferase activities were measured using the Dual Luciferase Reporter Assay System (Promega, Madison, WI, USA).
CM Culture and Treatment
CMs were isolated from C57BL/6 mice (1-2 days) as previously described. 46 Briefly, the cardiac tissue was digested by pancreatin (Beyotime, Shanghai, China), and it was maintained in DMEM supplemented with 100 U/mL penicillin and 10% fetal bovine serum (FBS) (Biological Industries [BI]). CMs were purified by differential plating, and 0.1 mmol/L BrdU (5-bromo-2-deoxyuridine) was added to exclude the cardiac fibroblasts. The cells were cultured in a 5% CO 2 and 37 C humidified atmosphere for 48 hr after plating. To induce hypertrophy, angiotensin II (Ang II) was added to the CMs at a concentration of 1 mmol/L for 48 hr.
Plasmid and miRNA Transfection
The lncRNA Plscr4 overexpression plasmid and the control vector were synthesized by GeneChem (Shanghai, China). The miR-214 mimic and the negative control miRNA (miR-NC) were synthesized by RIBOBIO (Guangzhou, China). The CMs were transfected with the plasmid and miR-214 or miR-NC using Lipo2000 (Invitrogen, Carlsbad, CA, USA) following the manufacturer's protocol.
Cell Surface Area Measurement
The cells were fixed with 4% formaldehyde, permeabilized with 0.1% Triton X-100 in PBS for 45 min, and stained with a-actinin (Abcam, Cambridge, UK) at 4 C overnight. Next, the cells were incubated with a Daylight 594 goat anti-Mouse antibody for 1 hr at room temperature. The cells were incubated with DAPI for 10 min before immunofluorescence capture. Immunofluorescence was visualized under a fluorescence microscope (Carl Zeiss, 37081); quantification of cell surface area was achieved by measuring 50 random cells from three independent experiments, and the average value was used for analysis. The surface areas were measured using Image-Pro Plus 6.0 software.
Determinations of Protein/DNA Ratio
Total protein and DNA contents were analyzed as previously described. 47 Briefly, protein concentration was determined by the BCA method (P0012; Beyotime, Shanghai, China), as described by the manufacturer with BSA as a standard. DNA concentration was detected by fluorescence assay (DNAQF; Sigma, St. Louis, MO, USA), according to the manufacturer's instructions. The ratio of protein to DNA was then calculated to estimate potential protein synthesis. Under normal conditions, Plscr4 inhibits the expression of miR-214, which is the suppresser of Mfn2, to keep mitochondrial homeostasis. When CMs are exposed to pathological stimuli, the adaptive response leads to the upregulation of Plscr4, which exerts an anti-hypertrophy effect. Meanwhile, the pro-hypertrophy signal miR-214 is also upregulated. However, with prolonged stimulus, when the upregulation of miR-214 is beyond a certain threshold, it is sufficient to counteract the function of Plscr4 activation, leading to a significant decline of Mfn2 with the unbalanced mitochondrial fusion and fission, which promotes the development of cardiac hypertrophy.
Histological Analysis
The mice hearts were collected and fixed in 4% paraformaldehyde for 24 hr followed by embedding in paraffin according to standard histological protocols. Next, the tissue was cut into 5-mm-thick cross-sectional slices. The slices were stained by H&E and Masson trichrome to evaluate histopathology and collagen volume, respectively. The myocyte cross-sectional areas were measured via fluorescein isothiocyanate-conjugated WGA (L4895; Sigma, St. Louis, MO, USA) staining. The fibrotic areas were calculated with image analysis software (Image-Pro Plus 6.0 software).
Mitochondrial Membrane Potential (Dcm) Assessment JC-1 staining (Beyotime, Shanghai, China) was used to assess the mitochondrial membrane potential of the CMs. Briefly, the CMs were incubated with an equal volume of JC-1 staining solution following the manufacturer's protocol. JC-1 exhibited a potentialdependent accumulation in the mitochondria, as indicated by a fluorescence emission shift from green 525 ± 10 nm to red 610 ± 10 nm. In healthy cells with a high potential, JC-1 forms complexes emitting a red fluorescence, and in unhealthy cells with a low mitochondrial membrane potential, JC-1 remains in a monomeric form, emitting green fluorescence. The state of the membrane potential was expressed by the ratio of red to green fluorescence.
Measurement of Production of ROS
A hydrogen peroxide assay kit (Solarbio, Beijing, China) was used to determine the H 2 O 2 production. DCFH-DAC is the probe for H 2 O 2. The CMs were washed with PBS and were incubated with DCFH-DA in DMEM for 20 min at 37 C. After removal of the DCFH-DA and washing with PBS, the cells were imaged with a fluorescence microscope (Carl Zeiss, 37081). The same experiment was repeated four times independently.
Data Analysis
The data are presented as the means ± SEM. The statistical analyses were performed using one-way ANOVA and Student's test. In all cases, p < 0.05 was considered to be statistically significant. The data were analyzed using GraphPad Prism 5.0.
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